The finite element model (FEM) was developed to evaluate the stresses induced by the ceramic topcoat sintering. The model contained four layers: substrate, bond coat, thermally grown oxide (TGO) and ceramic topcoat. The geometry of interface between bond coat and ceramic topcoat was simulated by a sinusoid. The sintering degree was introduced into the model via the elastic modulus change of ceramic topcoat. The results show that the sintering of ceramic topcoat has little contribution to the distribution of stress (both out-plane stress and in-plane stress), while the levels of these two stresses all increase dramatically with sintering of ceramic topcoat. Thus, the effect of sintering of ceramic topcoat in this case on the cracking model in TBCs can be neglected. On the contrary, the durability of the TBCs indeed decreases as ceramic topcoat sinters.
INTRODUCTION
The thermal barrier coatings (TBCs) with a high thermal resistance are widely used in gas turbines, which can increase the efficiency of the gas turbines via elevating operation temperature [1] [2] [3] . The typical structure of TBCs consists of four layers: superalloy substrate, bond coat, thermally grown oxide (TGO) and the ceramic topcoat. Each layer has markedly different mechanical, thermal and physical properties. As a result, the ceramic topcoat spalls during gas turbine operation. The plasma-sprayed ceramic topcoat provides the thermal insulation and is typically made of yttira-stabilized zirconia (YSZ), which includes huge quantity of microcracks and porosities [1, 3] . As a result, not only the thermal-insulating capability but also the strain tolerance of YSZ coating increases. However, the micro-flaws in YSZ heal inevitably during operation. The elastic modulus and hardness of YSZ increase, the thermal expansion mismatch between layers deteriorates [4, 5] . Thus, the stress in TBCs depending on above properties rises. Unfortunately, there were few reports dealing with the change rule of the stress level in TBCs. In addition, some factors that influence the durability of TBCs also affect the cracking mode, for example, the cracking mode of TBCs is strongly dependent on the TGO thickness [1, 3, 6] . Thus, it is also necessary to clarify how the YSZ coating sintering affects the cracking mode in normal operating temperature.
In present paper, the YSZ sintering was introduced into the finite element model to illustrate the stress distribution and the stress level in TBCs. On the basis of above results, how the YSZ coating sintering influences the cracking mode and the durability of APS TBCs was addressed.
FINITE ELEMENT MODEL
A plain model corresponding to the cross section of plasma-sprayed thermal barrier coatings (APS TBCs) was fabricated to evaluate the stress change in TBCs, as shown in Fig.1a . Parts of the model were elaborated in previous report [7] and will therefore be outlined here shortly. The thicknesses of the YSZ, the TGO, the bond coat and the substrate were 250 µm, 0.2 µm, 150 µm, and 3.0 mm, respectively. A sine curve with an amplitude of 10 µm and a wavelength of 60 µm was used to describe the profile of the bond coat.
In this model, all layers are assumed to be isotropic and the stress distribution calculated was based on a continuum mechanics approach, as assumed in Ref [8] . The material properties of TBCs are listed in Table I [7] . The elastic modulus of YSZ coating increased from 40GPa to 60GPa in 5GPa increments was employed. TBC system is assumed to be stress free at 1000 o C and the stress is generated during cooling. The right border line of the model is coupling constraints. To obtain a symmetric condition, the horizontal displacement at the left boundary of the model is constrained. The creep of layers in this case is introduced into the model by a Norton power-law [7] . To improve the accuracy of the result, the YSZ and bond coat in the vicinity of TGO and TGO are meshed with a smaller element size, as shown in Fig.1b . Thermal loading of YSZ surface includes three steps. YSZ free surface was heated to the peak temperature of 1150 Figure 2 shows the out-plane stress distribution in YSZ coating with different elastic modules. The results show that the out-plane stress distribution is wholly independent of the YSZ sintering, all the tension (red contrast) distributes at the peak of the wavelength, correspondingly, the compressive stress (blue contrast) mainly locates in the valley of the profile. The tensile stress of out-plane stress in YSZ coating can induce the opening mode (mode I), inversely, the compressive stress urges the cracking to heal. Therefore, the cracks induced by out-plane stress in the model is most likely to initiate and propagate in YSZ coatings in the vicinity of the peak of interface. It means that the YSZ sintering and its sintering degree have little contribution on the out-plane stress distribution in YSZ coating. The thinning of YSZ coating depending on the exposure temperature [9] was not involved in the model. Thus, in the term of the out-plane stress in YSZ coating, the YSZ sintering has little contribution on cracking mode in TBCs when TBCs exposes to the normal operating temperature. Figure 3 shows the in-plane stress distribution in YSZ coating with different elastic modules. The in-plane stress in YSZ coating is compressive stress when elastic modulus of the YSZ coating is 40GPa. It means that the in-plane stress is completely compression in the initial stage of TBCs operation. As the YSZ coating sinters, the stress in some region becomes to tension, while the level of the tension is much lower than that of compression. It means that cracking (mode II) induced by shear stress mainly generates at the maximum compressive stress region. Thus, the distribution of in-plane stress in the case is independent of the YSZ elastic modulus, as shown in Fig.3 .
RESULTS AND DISCUSSION

The Stress Distribution in TBCs
Based on the distribution of both out-plane stress and in-plane stress, the stress inducing the cracking in TBCs indeed does not change with sintering of YSZ coating. It has been reported that the YSZ sintering can not induce the thinning of YSZ coating in low temperature [6, 9] . The thinning of YSZ corresponding to a subsequent spallation of individual spray splats generates once the exposure temperature exceeds 1320°C [9] . However, the YSZ sintering has no effect on cracking mode in TBCs when TBCs exposes to the normal operating temperatures in the term of stress distribution in YSZ coating. Figures 4 and 5 show the change of maximum out-plane stress and in-plane stress in YSZ coating depending on the elastic modulus of YSZ coating. The results show that the maximum out-plane stress in YSZ coating increases following an exponential law. The tensile stress increases from 47MPa to 92MPa when elastic modulus rises from 40GPa to 60GPa. In comparison, the maximum in-plane stress (compressive stress) in YSZ coating increases following a power function. Both stress levels markedly increase as YSZ coating sinters. Associated energy release rate of TBCs dramatically increases with YSZ sintering. Thus, the durability of TBCs markedly reduces as increasing sintering degree of YSZ coating. 
The Stress Level in TBCs
CONCLUSIONS
The influence of sintering of YSZ coating on stress distribution and level in YSZ coating were addressed and therefore be outlined here. The YSZ sintering has little contribution to stress distribution (both out-plane stress and in-plane stress). Thus, the YSZ sintering in this case has little contribution to the cracking mode in TBCs. Conversely, the durability of the TBCs markedly decreases with sintering of YSZ coating in terms of the levels of both out-plane stress and in-plane stress.
